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On  the  r.Iode  of  Transmission  of  Heat  ghrottfih  Air. 

A.  Fundamental  Theory. 

1.  Introduction; - 

■?he  protle^a  to  oe  consiu  red  in  this  paper  is  the 
general  mode  of  heat  transfer  tiirough  air  wr. ich  is  entirely  en- 
closed v/ithin  rigid  hotmdaries,  where  tlie  boundaries  are  naintained 
at  some  fixed  teiaperature  distribution.  The  following  analysis  may 
equally  well  apply  to  an;,  fluid,  particularly  a  gas.  7or  this  reason, 
the  medium  shall  simply  be  referred  to  as  a  "fluid".   Furthermore, 
it  is  customary  to  speak  of  a  "heat"  transfer,  which  it  ultimately 
is;  for  this  reason  this  term  has  been  used  in  the  title.  I-^ever- 
theless,  iti  studying  the  details  of  this  problem  it  will  be  more 
exact  to  speak  of  an  "energy" transfer.   The  first  law  of  theimody- 
nanucs  deals  with  the  conservation  of  "energ  ",  and  this  law  will 
be  applied  in  the  analysis.   The  terra  "energy"  will  be  tised,  unless 
for  an;,  reason  the  name  "heat"  may  be  found  more  convei  ient,  and  then 
each  case  v/ill  be  discussed  separately. 

From  a  physical  conception  of  a  system,  such  as  is  to  be  con- 
sidered, it  may  be  said  that  there  will  be  a  resultant  energy  transfer 
from  those  portions  of  the  boundary  v/hich  are  at  a  hi;  her  temperature 
to  those  at  a  lov^er  te:nperatv!re,  and  the  three  modes  of  transfer  will 
be  by  radiation,  conduction,  and  convection. 

The  laws  of  radiation  are  well  established,  and  if  the  character 
and  geometry  of  the  bounding  surfaces  are  :  nov/n,  and  also  f'-eir  abso- 
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lute  tenperiijtures,  the  araoimt  of  energy  transnitted  by  radiation 
can  be  determined.  For  gases,  the  absorption  of  this  energy  is 
slii^t,  and  the  gaseous  medium  will  play  but  a  minor  part  in  this 
mode  of  energy  transfer.  7or  liquids  the  alsorption  may  be  appre- 
ciable. Hov.-ever,  this  problem  is  to  be  limited  to  ordinary  temper- 
atures, and  to  a  s'„udy  of  conduction  and  convection  only.   If  radia- 
tion is  appreciable,  it  is  to  be  subtracted  from  the  total  energy- 
transmitted. 

By  "conduction"  in  any  given  direction  at  any  point  in  the  fluid 
shall  be  meant  the  resultant  energy  that  is  transmitted  in  this 
direction  by  the  individual  moleciiles  in  the  neighborhood  of  this 
point  due  to  their  random  motion.   This  will  be  analogous  to  the  mode 
of  transmission  through  a  solid.  Follov/img  the  analogy  of  a  solid, 
consider  energy  conducted  across  any  surface  at  v/hich  a  te-Tnierat-re- 
gTadient  exists,  and  the  rate  of  energy  transfer  to  be  proportional 
to  the  negative  of  this  gradient.   If  h-,  is  the  energy  conducted 
across  unit  area  in  xm.it   time,  then,  by  definition. 

hj_  =  -  K  V  e  cos  (  ni^6  )  (1) 

where  Co  is  the  temperature-gradient,  and  n  a -unit  vector  normal  to 
the  surface.  K.  is  a  proportionality  factor,  and  may  be  a  function 
of  the  temperafore.  iC  v/ill  be  referred  to  as  the  "conductivity".  In 
this  connection  it  ma;  be  said  that  if  the  temperature  at  each  point 
within  the  fluid  is  constant,  a  conduction  of  "energ.  "can  also  be 
properly  spoken  of  as  a  conu. action  of  "heat",  -fov/ever,  even  for  the 
case  of  a  solid,  if  there  are  fluctuations  of  temperature  at  each 


pointthere  .  ill  be  expansions  or  contractions  within  the  material,  vhir;]- 
will  constitute  a  transfer  of  necrianical  en  n::.   To  include  Loth 
forms  one  must  employ  the  term  "en  rgj,'". 

By  "convection"  in  an;/  given  direction  at  any  point  in  the 
fluid  shall  he  meant  the  energj'  that  is  conveyed  in  this  direction 
by  the  gross  currents  witl  in  f..e  neighborhood  of  this  point.  This 
form  of  transfer  is  composed  of  two  separate  effects:  (a)  the  trans- 
fer of  the  energy  contained  within  the  molecules,  and  (b)  the  transfer 
of  mechanical  energy  that  arises  from  changes  in  the  specific  volume 
of  the  fluid.   If  €     is  the  internal  energy  of  unit  mass  of  fluid,  p 
the  pressure  at  a  given  point,  and /I the  specific  volume  of  the  fluid 
at  this  point,  then  hy  the  first  law  of  thermod;  namicB 
de  =  A   _  p  d  _rL  (2] 

where  A",  is  the  "heat"  added  to  this  unit  mass. 
The  following  relations  will  always  hold: 

AQ  =  G  de  -  e   i  ^\        dp  (3) 

^      \  9  e/  P 
and 

dil=  (  d_£l   a.     I  3i>)   Ip   .  (4) 

Therefore,  p 

where  (  p  ,  b   )   is  an  arbitrary  condition  for  the  fluid,  and  0 
the  specific  heat  at  constant  pressure.  If  pis  the  density  of  the 
fluid  at  this  point,  and  V  the  vector  velocity,  the  "convection"  h^ 
per  unit  area  per  unit  time  across  any  element  of  surface  at  this 
point  v/ill  be  defined  by  the  equation 

hi,  -  p  ^,'  e  cos  (  n,  V  )  C  ^3 
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where  fc*  is  given  ty.  equation  (5)  . 

A  terra  which  v/ill  he  used  quite  frequently  is  "steady  state". 
The  system  will  be  considered  in  a  steady  state  if  the  te.nperature, 
pressitre,  and  vector  velocity  at  each  point  v/itiiin  the  space  and  at  the 
■boundaries  are  constant  for  all  times. 

Thus  the  prohlera  to  he  considered  may  be  stated  as  follov/s: 
Given  a  fluid  of  certain  physical  properties  enclosed  ly  rigid 
boundaries,  the  latter  also  having  definite  physical  properties 
(  as  conductors  or  insulators),  v;ith  a  fixed  tenrperature  distribu- 
tion over  these  boundaries.   To  find,  in  a  steady  state,  the  valuss  of 
h,  and  h^  over  any  given  surface  within  the  enclosed  aedium,  or  at  any 
rortion  or  portions  of  the  boundary. 

2«  General  Hquationfof  "otion: 

Consider  the  forces  t?at  cause  circulation,  or  the  gross 

velocities.   There  will,  of  course,  be  gravitation  forces  which  may  be 

written  as  R  (  X,Y,Z]  per  iinit  mass.   If  there  is  any  -i.-ariation  of 

pressure  within  the  space,  there  will  be  the  force  -Vp  per  unit  area. 

In  a  steady  state  these  forces  will  be  balanced  by  the  opposirig  forces 

of  viscosity.  Let 

V  (  u,v,v/)  =  vector  velocity  of  the  fluid  at  a  given  jjoint 

p  =  pressure  at  fr.ht   point 
G  =  absolute  ternperatvire  at  that  point 
[3  =  density      "^     "   "     " 
\   =  coefficient  of  viscosity. 

The  equations  of  motion*  for  this  case  are: 


Lamb's  Hydrodynamics,  1916  edition;  p.  573 


Dt  ?x       ;'     ^  3x       ^  X      ^  y      <?  z  ^ 


'     Dt  9y       ?      '  ■?  y    9x       3y       9  z 


^Dt         '  Pz        S^3z        9x       3y       az 

i 
where    V    (      )   =  ajj  +  iA_^  +    ^  ;    ) 
^v^       ^f       5j^ 

In  the    ■anitoiu  system  of  transfornation,    the   total   derivative  .-nay 

be  written  at 

m  )   =    3i    )    -   u   5C   )    ^  V    ^L  )    +  v;    ^L  )  ,  { 8 ) 

I't  9  t  ^  z  5  ,  3  z 

and  in  a   steady    s;tate    3  l    )    =  C   .        Introducing  this   into   (7),    the 

3  t 
equations  of  motion  heconie 

^{u2ii  +  viu-w.su)=         J  ::  -  :?p  +  1  .     3     (  ^u    •  av  +  o'v?    )   +   n  V^u 
3X  3y  3z  3x        r    I  P  X       3x        ?y       3z  *• 

o  (    u  ^i  +  v  3v   +  w  3V.   )    =  p  Y     -  J5_p+  i  )-,   j^  (  ^u   +  2v   +  3W    ;    +  Ij  \7 V 

^  X  3  y  3  z  3  y      £    W  ^/        ?  i:        9 ;:        3  z 

p{u^j[  +  va^  +  wdw)=  P'^-  ■^.E.  +  1.  n  _5l  (   IJi  +.3V+9V/    )    +)iV    w 

Jx  >y  ^z  ■>z        3    '■^z      >x       5y       az 


5.  Equations  for   the  Oontinuity  of  flatter  and    .nergy. 

For  the  continuity  of  natter  may     fee  enployed  the  well  taiov/n 

equation 

^(pui    +  _llifJLl_+  _il2_w)    =0  (10) 

"9  X  "5  y  3  z 

Consider  the  continuity  of  energy.        In  a  steady  state  the   temper- 
ature at  each  point  will  be   some  fixed  value.     .'.Iso,    there  will  be  no 
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soiirce  or  sink  within  the  fluid;  i.e.  the  rate  of  flow  of  energy 
into  anj  element  of  volijme  will  eqvial  the  rate  flowing;  out  of  this 
ele.aent.  Consider  anj,'  finite  volume  within  the  medium.  The  total 
pain  of  energy-  "by  this  volume  during  a  steady  state  will  be 

ii  .hg  )  ds  =  '  i  -Ki7^e  .    pv^   e|   ds 


div     j    -  ICV'  G   +    (>  V  eVdt       =0  (11) 

where  6  is  given  by  equation  (5).  Jince  this  equation  is  true  for 

any  finite  volume,  the  intef;ral  will  be  zero,  and 

divj-KVe+      Pve}  =  0  (12) 

This  equation  will  be  referred  to  as  the  equation  for  the  continuity 

of  energy". 

4.  Resume  of  Squations. 

The   solution  of  t ■  e  given  problem  reduces  to  a  solution  of  the 

following  set  of  fundamental  equations. 

liquations  of  mot  ion: - 

3  (  u  £_u  +  V  £_u  +  v/  3_n   )   =     ,0  y  -  2J2.   ■    1.  h   _1_  (  iii  -  'LZ.   ''  JIL )    +  '/  V"^ 
^x  3y  3z  "3x       t    '   .)x       <)x      9y       3z 


V^  4^  i,   _3_  (  3_u   +  iv   +  £w    )    +  ;?  7v 
3  y       5  '  5y       c?x       ,?y      <9  z 


^(  uav.  + 
9x 

V  av 

+  w  3v    )    = 

^y 

3z 

P  (   u  Iw   + 

v  ^^7 

+  w^   )    = 

9x 

^y 

3z 

Continuits 

'  of  : 

latter:- 

div   ( 

o  V 

)    =  0 

Continuity 

'  of  ■' 

"nergj;-: 

div  (-  KV  b  - 

oV  fe  1  =  0 

Equation 

of   3 

tate:- 

P  =  P   ( 

e  .A) 

-  m    +   i  n    A-    i    ^Ji   +   iV    +    dW    )     +^VW 

^  z        3i3z      3x      ^y       .Jz 


(II) 


(III) 


(IV) 
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If  there  is  an,  flow  at  a  rieid  bovmdary,  it  will  be  tangential  to  the 
surface,  or 

to.   +  rav  +  nv/  -  ('  (V) 

where  (  i,m,n;  are  the  uirection  cosines  of  tne  normal  to  the  svu-face. 
The  general  solution  of  these  equations  will  consist  in  obtaining 
a  relation  betv/een  p, />  ,  U,  u,  v,  w  in  terms  of  x,y,z.  Knov/in£r  this, 
one  can  deter  line  h^  and  h2  at  each  point  within  the  sjiace.  Further, 
if  a  surface  is  given,  the  integral  (  h-^   dS  and  /hpdD  can  be  deter- 
mined, which  gives  the  qtiai^ity  of  energy  cond  ;cted  and  convected 
across  this  surface  under  the  given  conditions. 
5.  Relation  between  Velocity  and  Temperature-Gradient ;- 

An  interesting  relation  can  be  obtained  from  equations  (II)  and 
(III)  of  section  4.  Rewriting  these  equations, 

div  (  pv  )  =0  (13) 

div  I  -  KV  o  +  pV     I  0^  -  p  (  ilL  j  1  do  -  -^V   ^(^]  +  P  tii^)  W\^ 
{  '    ^„  ^S   ''-'       '   ^p       ^'^     '^''^       , 

I]xpanding  (12),  and  substituting  it  into  equation  (14),  one  obtains 

div  (  -  IC7  6  )  +  p  (  V.  grad   /   fc^  -  p  (  lik)  "1  <i6  ) 

Jd„  L         3  8  /p  -l 

-^(V.  grad   /^^''[6(|a;^._p(._^,Jdpj=r 

where  the  second  and  third  terms  are  the  ;iensity  times  the  scalar 

product  of  V  and  the  gradient  of  the  integral. 

The  ^vriter  has  in  mind  the  application  of  this  tV.eory 

to  the  case  of  air.  For  air,  or  any  of  the  preraanent  gases,  the  per- 

feet  gas  equation  will  hold  ver;/  apjjroximjitely: 

viz.         p-n.=  R  6  (16) 


:i5' 
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This  may  be  simplified  still  further  for  the  case  under  considera- 
tion. The  px'es:ure  variations  within  the  space  will  be  due  to  differ- 
ent heights  of  air  columns,  and  if  sp.aces  are  considered  nf   such 
size  as  can  be  handled  in  a  laboratrry,  these  variations  will  be 
siiiall  compared  to  the  atsolute  pressure.   Tlius,  a  fair  approximation 
can  be  made  by  assiuning'  the  pfessure  t:  ro.-ohout  the  space  as  being 
constant.  If  the  air  within  t:.e  eviclosxire  is  connected  b;^  some  s.naH 
channel  to  the  ati.iosphere,  the  inside  pressure  will,  during  a  steady 
state,  be  equal  to  atmospheric  .vosp-i-e. 
Thus,  from  (16) 

P=  {  £  )  1  =K  (17) 

R    6    G 
Introducing  (17)  into  equation  (15),  and  considering  the  pressure 

is  constant,  the  equation  reduces  to  the  form 

[   Y.V6    ]   =   B  div  (  KVe  )  ;  18 ) 

Y-    (  0^-2) 

The  component  of  the  velocity  parallel   to   the   te  iperature-gradient 

is 

Iv  1  cos  (  v,ve  )  =   e  div  {  itp-e  :■         (i9) 

"ith  the  aid  of  equation  (19)  one  can  deteriine  the  velocity  pfirallel 
to  the  ter.aperature-  gradient.  However,  it  does  not  vield  a  value  for 
the  vector  velocity,  unless  the  value  of  cos  (  V,  ^6  '  is  riven. 
6.  .'undaaental  Equations  in  Tv;o  Dimensions. 

Using  the  approximation  of  equation  (17),  and  considering 
only  the  case  of  two  diraenLions,  the  fundaaentai  equations  reduce  to 
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a  soraewJiat    sirni'ler  for  :,    as  follo.vs:- 

■^quations  of  motion:- 
K   (   u  iji  +   V  £u    ;    =  X  X    +  i,,  _L  (  -iJi   ■   ±v    ]    +  )j     (    'J^U  +    J^u    ) 

K   (   u  ^_tt  -  V  _?v    )   =  IL  Y   +  ^  ,,  ^2_i  (  JJE  +  _3v    )    +  /)      (  _^' 
6  5x  ^y  e  s'^ySx^y  e) 


■)  X- 


Continuity  of  "attor:- 

P  X       33-       L'  3  X  9  y 


I'ontinuity  of    Incr^y:- 

3    (  K  ju  )  +   ^   (  ic^e  ]  =  K  (  G  ■ 

9  X  d  7-  d  y  ;>  y  ^ 


IPx^  uJ      ^yL  eU 


Substituting   (21)    into   (22),    one  obtains 


_1_   (   K  ^ii)    +  _i  (   K  _iii   )    =  K   (    Gp-  E )    (    u  ^  +  V  _d6 
.V  3x  ^y  Py ^^  ^^ 


(23) 


quations  (2q^  gjid  [ZZ]   ma;/  be  considered  the  fundamental  equj^tions 
in  two  dimensions. 
7.  Effect  of  a  :-'.igid  Boundary. 

At  a  perfectly  rigid  and  sniooth  boundary  the  normal  velocity 
will  be  zero.  If  the  boundary  is  a  perfect  insulator,  there  will  be 
no  heat-flow  normal  to  the  surface.  Therefore,  for  a  perfect  insulator. 
isothermal  lines  moet  the  surface  at  normal  incidence.  For  t'le  case 
of  a  perfect  conductor,  the  temperature  gradient  will  be  normal  to  the 
surface,  and  therefore  the  surface  of  a  perfect  conductor  will  be  one 
of  the  families  of  isothermal  surfaces.  These  two  physical  lav/s  can 
guide  one  in  constructing  isother-nal  surfaces. 


10. 


B.  E>:r)erimental  Hesults.  ^ 

It  would  "be  hi;;-hl,v  (iesiratle  to  obtain  a  solution  of  this  protlera 
on  a  i;iat:-e:natical  tasis.  But  this  is  a  formidable  task,  and  can 
hardly  be  hoped  for  at  the  present  time.  Experiment  seems  the  only 
.neans  available,  and  it  v/as  v/ith  this  i^    ■■i"  •  •^'  ■  +•  <-  -■  -"'^.nv   hr  s 
iinddrtaken  this  work. 

1.  Description  of  Ap-paratus; 

A  very  simple  system  is  criosen,  which  consists  of  two  square 
parallel  plates  with  their  corresponding  edges  parallel.   They  are 
arranged  so  that  the  distance  between  t  e  plates  is  maintained  con- 
stfint,  while  they  can  be  rotated  as  a  unit  about  a  horizontal  axis 
parallel  to  "ne  edge.  V.'ith  this  arrang-ement  symmetry  is  obtained 
about  a  vertical  plane  normal  to  the  axis  of  rotation  and  passing 
tiirough  the  center  of  the  plates.  Thus,  the  system  lends  itself 
to  a  study  of  the  problem  in  tv;o  dimensions. 

In  general  design  and  construction  the  apparatus  is  virtually 
that  described  by  "Dr.  II.S.VanDusen.  *   Pjar  details  of  construction 


"  Journ.  Amer.  3oc.  Heat.  &  Ventil.  Eng.  ,  vol.  25,  7;  Oct.,  1920 

the  reader  may  be  referred  to  this  paper.  Figure  I  is  a  sketch  of 
the  appjaratus  as  employed  in  these  exijeriraent s.  A  is  a  flat  electric 
heater  made  by  v/inding  oonstantan  ribbon  diagonally  on  a  sheet  of  fibre 
board  24  inches  square.   Tiae  winding  is  arranged  so  that  the  lengths 
of  ribbon  on  each  face  of  the  fibre  are  equally  spaced  and  parallel  to 


'Cork 


/Cold  ■Plate 


Electric   rieo+er 


Figure    i  . 
Sketch    oj     Conductivity     Appar^xtui>. 
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each  other,  and  per[-iendicular  to  the  corres];)ondine;  lengths  on  the 
other  side  of  the  fibre  hoard.  The  resistance  per  unit  area  of 
heater  is  thus  the  sa:!ie  over  the  v/]iole  area,  except  around  the  edges 
v;hich  are  far  away  from  the  region  in  v/i.ich  uniform  heating  is  essen- 
tial, and  will  therefore  not  affect  the  resn.lts. 

On  each  side  of  tV.is  heater  are  placed  a  center  xorpei"  plate  B,B, 
4C  cms.  square,  with  a  "border  G,G,  also  of  copper,  whose  outside 
dimensions  arc  24  inches  square  and  v;hich  is  separated  from  the  center 

plate  hy  an  air  space  i  inch  wide.   These  plates  are   5_  in-hes  thick 
8  £2    ^      '    * 

One  of  the  center  plates  is  nickel  plated  and  highly  polished  on  that 
side  opposite  from  the  electric  heater.   The  other  surfaces  have  the 
ordinary  finish  as  given  to  rollea  sheet  coptier.   These  coijr^er  rlates 
are  insulated  from  the  heating  coil  hy  tbia  sheets  of  aica.  A  sinall 
additional  hea:.er  is  placed  arouiid  th.e  perimeter  of  the  main  heater  /, 
v/hich  consists  simply  of  ashestos-covered  constantan  v/ire  wound  sev- 
eral times  around  the  perimeter  of  the  fihre  board.   The  purpose  of 
this  aiucilliarj"  heater  is  to  coi:;T];)enEaie  for  side  losses  from  the  main 
heater,  and  in  operation  it  is  used  to  adjust  the  temperature  of  C,  C 
to  be  the  same  as  that  of  E,B.   In  this  way  the  border  C,G  serves  as  a 
guard  ring  for  the  center  square  B,B.   The  effectiveness  of  such  a  device 
in  causing  lines  of  heat  flov,"  to  be  normal  to  the  surface  B,B  and  i: 
making  tliese  lines  pass  tl.rougli  the  test  sanple  wit  out  any  refraction 
is  coraiiletel;:  discussed  by  Tan  Dusen,  and  shall  not  be  considered  '^ere. 
V/ith  the  copper  plates  in  rdace  on  each  side  of  the  heater,  the  w'lole 
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system  is  screv;ea  together  and  forms  one  comxlete  unit  which  will 

be  referred  to  as  the  "heating  or  hot"  plate.  Prom  the  sjjacing  of 

the  winding  and  the  resistance  of  the  constantan  ribbon  per   unit 

length,  the  resistance  per  unit  area  of  heater  can  be  computed. 

Imowinrc  the  current  t:irough  t.^e  Iieater,  the  heat  generated  per  unit 

areain  u..it  time  can  be  coiiiputed.  For  the  particular  heater  used, 

the  nvjnber  of  calories  generated  per  second  per  sq.  cm.  for  unit 

current  is  0.00104.  Since  the  teiaperature  coefficient  of  resistance 

for  constantan  is  very  sniall,  this  value  will  be  practically  constant 

tliroughout  the  range  of  the  experiments  (  from  20*^0  to  about  1S0°C). 

The  sa-nples,  who^e  heat  transmission  properties  are  to  be  studied, 

are  ylaced  one  on  eaci,  side  of  the  heater.   "V/ater  or  cold"  plates 

.;,."/  are  then  placed  next  to  tlie  samples  as  shown  in  Figure  t.     These 

plates  consist  of  square  sheets  of  copper,  5_  inches  thick  and  24 

32 
inches  on  a  side,  on  one  face  of  which  are  soldered  1  inch  square 

4 
copper  tubes,  laid  parallel  to  one  eage  and  set  off  at  intervals  of  5 

4 
inch.   These  tubes  extend  across  the  whole  plate,  and  the  ends  on  ejich 

side  fit  into  a  inanifold,  whic  is  also  soldered  to  the  sane  face  of 

the  copper  plate.   Van  Lusen  discusses  the  construction  of  such  plates 

.Vater,  v;hose  te.perature  is  regulated  by  a  thermostatic  device  and 

maintained  at  about  room  te.iperature,  is  allowed  to  flov/  through  these 

tubes,  maintaining  the  snooth  copper  surface,  whic,}:  is  flush  a{,-ainst 

the  tost  sample,  at  a  ccnstant  temperature.   One  of  these  cold  plates 

is  nickel-plated  and  highly  polished  on  its  smooth  surface.  This  nckel- 

plated  surface  together  with  the  nickel-plated  center  piece  of  the  heater 


are  used  in  the  experiments  on  air  for  reducing  the  radir.tion. 

The  whole  system,  including  the  hot  plate,  sa-nples  under 
test,  rind  cold  plates,  is  enclosed  aroiind  the  edge  of  a  layer  of  cork, 
X,K  four  inches  tl'.ick,  and  then  clamped  into  a  wooden  frame  G,G. 
In  this  v/ay  the  system  is  made  perfectly  rigid  and  can  be  carried 
without  disturbing  the  various  parts.   T'.vo  sinall  wheels  at  ^'  serve 
as  an  axis  al  out  which  the  apparatus  can  be  rotated.   These  wVieels 
rest  on  a  narrow  support  provideu  with  levelling  screws  at  each  end. 
The  end  j]"  is  supported  from  above.  By  adjusting  the  screws  at  H, 
the  axis  of  rotation  can  be  made  horizontal,  and  with  an  adjusting 
screv/  at  J  the  apparatus  can  be  inclined  at  any  desired  angle. 

For  measuring  the  angle  of  inclination,  an  instrument  corabinirig 
a  level  with  a  protractor  was  constructed.   The  level  r^nd  protractor 
both  rotate  as  a  unit  about  an  axis  through  a  steel  plate.   This  plate 
is  provided  with  a  flat  base  wnich  carried  an  indicator  point  for  the 
protractor  scale.    JTien  the  base  is  placet  on  a  horizontal  surface 
the  protractor  is  set  so  that  the  90°  angle  coincides  v;ith  the  indica- 
tor point.   Then  the  level  is  set  in  a  horizontal  position.  This  means 
that  the  0°  angle  coincides  with  the  horizontal  line.  V/ith  this  ad- 
justment, the  instrument  is  ready  for  use.  For,  by  placing  the  flat 
base  on  any  surface,  and  rotating  the  protractor  so  that  the  level 
is  horizontal,  the  angle  read  off  at  the  indicator  point  gives  tlie 
angle  of  inclination  of  this  surface  v/ith  the  horizontal. 

lie  surface fkf  the  tubes  on  the  cold  plate,  as  has  been 
mentioned  above,  are  flat  and  parallel  to  the  opposite  smooth  side 
of  the  cold  plate.  Four  hsles,  1  mm.  in  diameter,  are  drilled  through 
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the  cold  plate  at  a  oonsiuerable  diFtance  from  each  other.    Ith 
the  exi-serimeiits  on  air,  the  pressure  inside  is  maintained  at  atmos- 
pheric pressure  becau.se  of  these  holes,  and  the  holes  are  also  used 
to  measure  the  distance  between  the  hot  and  cold  plates.  This  is 
accomplished  by  passing  a  drill  rod,  1  mm.  diameter,  through  the  roles 
and  measuring  the  distance  betv/een  the  hot  plate  and  some  convenient 
point  on  the  cold  idate.   'Plaen,  taiov/ing  the  distance  betv/een  this 
point  and  the  sinooth  surface  of  the  cold  plate,  and  applying  a  slig'ht 
correction  arising  from  the  deviation  of  the  line  of  the  rod  from  the 
normal,  the  exact  width  of  air  sjace  is  laiov/n. 

By  means  of  the  tightening  screws  in  the  v/ooden  frame,  the 
plates  are  set  parallel,  and  then  by  placing  the  leveling  instr-cimait 
on  the  copper  tubes,  the  plates  are  made  horizontal  or  inclined  at  a 
desired  an^jle.  All  these  adjustments  are  made  after  the  whole  appara- 

0 

tus  is  in  place.  The  leveling  instrument  is  sensitive  to  0.1  an^e, 
and  all  adjustments  are  made  to  that  degree  of  accuracy. 

The  temperature  measurements  are  made  entirely  by  means  of 
copper-constantan  thermocouples.   The  difference  in  temperature  between 
hot  plate  B  an.i  the  cold  plate  ,7  is  obtained  by  means  of  a  differaatial 
couple  whose  constantan  v;ire  is  soldered  at  one  end  to  the  center  point 
of  E,  and  the  other  end  to  the  center  of  the  corresponding  cold  plate. 
Copper  leads  are  soldered  to  the  edge  of  the  inner  hot  rlate,  and  to 
the  cold  plate,  using  tne  copper  plates  as  part  of  the  leads.   Sirce 
the  absolute  temperature  of  the  v/ater  plate  is  knovm,  the  absolute  tem- 
perature of  the  hot  plate  is  det  Tmined. 
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Por  measuring  the  difference  in  tefai:>eratvire  between  plate  B, 
and  the  guard  ring  G,  foxir  siiort  pieces  of  constantan  wire  are 
sold  red  across  the  narrow  air  space  separating  the  plates,  one  in 
each  corner.  V/ith  copper  leads  solders',  to  each  plate,  a  differen- 
tial couple  is  obtained  for  observing  the  temperature  difference. 

The  rov/er  input  into  the  main  heater  is  obtained  by  measuring 
the  voltage  drop  across  a  low  standard  resistance  of  0.006709  ohms 
in  series  v;ith  the  heater,  and  by  measuring  the  drop  across  10  olims 
of  a  total  of  10,011  ohms  in  parallel  v/ith  the  "neaier.   The  current 
flowing  through  this  high,  shunt  resistance,  although  very  small, 
is  talcen  into  account  in  applying  the  corrections.   The  measiirements 
of  both  the  c^irrent  and  voltage  were  talcen  to  check  the  resistance  of 
the  heater. 

In  measurements  on  the  heat  transm.  ssion  tiirough  air, 
a  layer  of  cork  is  placed  on  the  copper  side  of  the  hot  plate,  and  on 
the  nio'.cel-plated  side  is  the  air  space  surroimded  by  a  layer  of 
balsa  7;ood  P,F  as  shov/n  in  figure  I.   In  order  to  determine  the 
heat  transmitted  through  the  air  space,  it  is  necessary  first  to 
determine  the  heat  trans-iitted  througii  the  cork.   This  is  obtained 
by  taking  tv/o  layers  of  cork,  of  equal  thickness  and  alike  in  quality, 
and  piecing  each  on  one  side  of  the  heater,  and  roaking  a  preliminary 
set  of  observations  for  the  cork.  For  the  quality  and  thickness  of 
cork  use-I  in  these  experiments  ,  the  heat  transmitted  per  sq.  cm. 
per  second  per  degxee  centigrade  difference  across  the  entire  thick- 
ness is  C. 0000155  calories.   This  is  for  a  mean  teraperati-ire  of  the 

0 

cork  of  46.2  '^■. 

■     For  the  variation  of  conductivity  of  cork  v.ith  temjera- 
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ture  the  value  civer.  by  '''an  iiusen  is  used  in  all  computations. 
Expressed  in  terTis  of  total  heat  transnitted  X'sr  sq.  cm.  ler   second 

centigrade,  differejice  across  the  entire  thiclcness  of  cork,  the 

-6 
v:  lue  used  for  this  variation  with  temperature  is  3.4  x  10   per 

degree  ceiitierade. 

In  the  observations  on  air,  one  of  the  la^'ers  of  cork  E 

is  i^laced  as  shovm  in  Pigure  1,  an.i  the  air  sijace  is  on  the  other 

side  of  the  heating  plate.   The  surfaces  of  B  and  7  adjoining  the  air 

space  are  nickel  plated,  and  highly  polished,  as  has  been  mentioned 

above.   It  v/as  deemed  advisable  to  nickel  plate,  rather  than  silver 

plate  the  surfaces,  because,  although  for  a  given  polish  silver  has  a 

much  lover  eraissivity,  silver  tarnishes  more  readily  than  nickel,  and 

the  emissivity  may  become $  greater  after  sufficient  exposure.  The  air 

space  is  t'-.e  saine  in  area  as  he  center  heating  plate,  4C  cm.  square, 

and  is  surrounded  by  balsa  wood.  V/ithin  the  air  space  are  stretched 

copper-constantan  thermocouples  of  number  52  wire.  Thej.;  are  stretched 

parallel  to  the  axis  of  rotation  of  the  apparatus,  with  all  copper 

wires  extending  out  tiirou|^:h  one  side  of  the  space  and  the  constantan 

wires  through  the  opposite  side.   The  junctions  are  arranged  in  the 

plane  of  sj-mnetry  of  the  apparatus.   The  wires  are  set  off  at  ti-ren 

distances  in  a  direction  normal  to  the  col4.  plate  by  means  of  the 

balsa'n  v/ood  P,F  v/hicii  consists  of  thin  layers.   In  a  direction  parallel 

to  the  ..-ater  plate  the  v/ires  are  separated  two  inches  apart  by  .aeans  of 

the  cork  Z,K  which  consists  of  small  pieces  one  inch  tl.ick.  In  the 
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plane  of  s, nmetry,  then,  there  ^.re   seven  rwvs  and  seven  coliimns 
of  couples.  The  actual  height  of  each  ro.v  aoove  the  cold  plate 
is  as  follows: 

Row  ^^eipjit   in  Oms. 

1  0.98 

2  2.01 

3  2.79 

4  3.55 

5  A.Z5 

6  5.13 

7  6.18 

eight  of  iiot  plate  above  cold  plate  =7.08  cms.    The  distance 
of  eachjbolumn     from  the   side  a^  (    see  ?ig.    1     of  the  air   stiace   is  as 
follov/s: 

Coluinn  I'i  stance   in  0ms. 

1  4.76 

2  9.84 

3  14.92 

4  2C.00 

5  25.08 
5  30.16 
7  35.24 

The  .:;old  junctions  of  all  these  couples  is  the  cold  plate.   Therefore 
each  couple  records  the  temperature  at  its  position  with  regard  to  the 
teinperature  of  the  cold  plate. 
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2.  Observations  with  'orizontal  Plates; - 

''he  first  series  of  observations  on  the  air  sjjace  were 
made  with  the  hot  and  colt  i)lates  horizontal,  and  the  hot  plate 
above  t::e  cold  vlate.   This  condition  s'.  ould  yield  no  convection 
ciori-entii  and  the  total  heat  transmitted  sliould  be  by  conduction. 
The  te  rperature-gradients  througliout  the  space,  in  a  direction  normal 

to  the  vlates,  should  he  constant. 

to 

Figures  2  fm*  5,  inaliisive,  show  the  distribution  in  te nporature 

tiiroughout  the  space,  each  for  a  different  te.nperat tire-drop  between 
the  plates.  "Inch  individual  line  indicates  the  te;:Tnerat\ire  along  a 
Eolvmm,  the  couples  being  arranged  in.  rows  and  coliomns  as  described 
above.   In  Figures  2  and  3,  the  lov/est  line  refers  to  the  first  column. 
In  Figures  4  and  5  the  line  to  the  extreme  right  refers  to  the  first 
column.   The  others  are  arranged  in  regular  order. 

For  convenience  of  plrtting,  in  fi^ui-es  2  and  3  the  abscissae 
are  the  sajne  for  all  lines,  but  the  zeros  of  the  ordinates  are  shifted 
vertically.   -'bove  each  set  is  drawn  a  line  which  is  tiie  nean  for  the 
particular  set.   The  upper  scales  of  ordinates  and  ahscissae  apply  to  the 
mean  line.   The  ordinate  scale  for  the  individual  lines  is  omitted  to 
avoid  confusion.   In  Fig-ures  4  and  5  the  ordinates  are  the  sane  for 
all  lines,  while  the  zeros  of  the  alscissae  are  shifted  horizontally. 
The  line  to  the  e>:tre..ie  right  in  eac'i  figure,  is  the  'lea^  -rnr-   t •  e  set. 
The  abscissae  for  trie  set  of  lines  is  also  omitted. 

The  lines  are  reasonably  regular,  considering  the  possible  dis- 
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aligTiment  of  tlae  couples,  which  v/ere  difficult  to  cet  arid  veep 
in  place  veirj   acciirately.   ■  In  l''igure  2  the  lines  are  straight 
throuGhout  the  space,  e>:cept  at  the  surfaces,  where  they  'become 
curved.   In  Figures  3,4  and  5,  it  is  seen  that  as  the  temperature- 
difference  hetv/een  the  plates  increases  the  curvatiu'e  and  consequently 
tiie  te  iperature-gradient  incrTJases  at  the  surfar.es,  and  gradually 
befjin  to  reach  far  into  the  space.   This  v/ould  indicate  that  v;ith 
an  increase  in  the  tenpcrature  "between  the  plates,  convection  begins 
to  manifest  itself  and  heccrae  more  distinct,  "^ven  vvit"  the  smallest 
teiperature-difference  there  must  have  leen  some  convection  close  to 
the  surface,  in  spite  of  the  fact  that  care  was  taken  to  adjust 
the  Tlates  in  a  orizontal  position  to  within  0.1°  of  angle. 

In  Table  I  are  given  the  data  for  the  different  series  of  obser- 
vations, from  which  is  computed  the  thermal  conductivity.  Gp  is  lii  e 
mean  temperatiire  bet-.veen  the  hot  and  cold  plates,  andAB  the  differ- 
ence between  the  plates,  h^   is  the  total  energy,  in  calories,  trans- 
mitted across  the  air  s^jace  per  sq.  cm.  per  second,  hj.  is  the  energy/, 
in  calories,  trans'nitted  by  radiation  per  sq.  cm.  per  second  using  the 
follov/ing  relation  for  the  radiation  between  two  infinite,  p;  rallel 
plates:- 

1^  =   ^    r  (  et  -  et  )  (s4; 

2  _  e      -   i 

€  is  the  eraissivity,  and  for  poll  died,  nickel  svir/aces  the  values 
taken  are  6   =  0.0^4  at  27°0,  and  B   =  C.0t9  at  100°0.   "or  intermediate 
temperatures  tl.e  value  of  e   is  obtained  by  interpolation.   (T  is  the 
constant  that  enters  the  :-:tefan-Eoltsraann  lav/  for  the  total  radiation 


Tatle  I 


Data 

talcen  *itli  plates  horizontal. 

Distance  betv/een  plates. 

7.08  ens 

Series 

e. 

AG 

IIqX   lO^''       hr  X  10^ 

{ho-lii. 

)x 

lo' 

I{xl0'' 

V 

1 

28.2 

16.7 

f.279            0.045 

0.256 

0.100 

0.378 

::.o 

21.9 

.437               .057 

.580 

.123 

.608 

5 

36.6 

57.5 

.785               .107 

.678 

.129 

1.084 

4 

42.1 

50.0 

1.290               .149 

1.141 

.161 

1.825 

5 

59.4 

77.6 

2.220               .285 

1.955 

.177 

3.100 

6 

65.6 

90.7 

2.870               .557 

2.513 

.196 

4.010 
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from  a  "blacl-c  "body,  and  the  value  taken  for  it  is  1.55  x  10  cal- 
ories per  sq.  cm.  per  second,  (hg-  h-^  gives  the  difference  between 
the  total  energy  transjaitted  and  that  ly  radiation,  and  if  there  v/ere 
no  convection  this  would  he  the  energy  transmitted  per  sq.  cm.  per 
second  hy  conduction.  K  is  the  t  .ermal  conductivity  computed  from 
the  relation 

K  =  (  ho-  hri  7.08  (24) 

A  6 

11  is  equal  to  the  product  of  (h  -  hp)  and  the  total  cross-sectional 

area  of  the  air  space,  1600  sq.  cms.   in  Figure  6,  "  is  plotted  ajx- inst 

^6,  and  in  figure  7  (  h^-  h^)  is  plotted  against  the  ..oean  tenperature 

Gf^.  The  dotted  lines  in  both  figures  are  the  corresjonding  values 

taken  from  the  paper  of  Van  Busen,  which  is  a  mean  of  several  observers. 
There  is  considerable  difference  betv/een  the  values  given  by 

Van  L'usen  and  tr.ose  of  he  vrriter.   It  was  the  v.-riter's  primary  in- 
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21 
tention  to   study  the   te  ijierature  distribution  within  the  air 
space,   and  for  this  purpose   it  v/as  neoes:;ary  to    nake  the    sjjace 
-.viaer  than  has  ordinarily  "been  employed  for  -leasurinf  the  fionduc- 
tivity.     Hercus  and  Lahy*  ernploy  a  width  of  0.655  --is.    i"    i    r.i-r 


*  Pro(g.  Hoy.    doc.   95,   pp.    190-210;   Jan.   1919, 


measureinent s  on  the  conductivity  of  air,  while  the  v.Titer  uses  a 
v/idth  of  7.08  cms.  Jie  wider  air  space  reduces  the  total  conduction, 
so  that  straj'  effects  such  as  convection  "become  more  pronounced.  T^ow- 
ever,  as  the  mean  tenperature  6  approaches  the  teiiperature  of  the 
cold  plate,  making  A  6  approach  zero,  the  convection  effects  should 
heco-Tie  zero  while  the  value  for  the  conductivity  should  approach 
the  true  value.  Figure  7  shows  this  to  be  the  case.   The  mean  tem- 
perature of  the  cold  T'late  for  the  different  series  of  observations 
is  18.6  G.   The  value  for  the  conductivity  of  a,ir  at  that  tenpiorature, 
as  read  off  from  the  curve  is  0.00C065,  v/hich  is  a  fair  a^eement 
with  other  observers. 
Z.   Observations  with  the  Flates  Inclined  at  44.7°  with  the  t'orizontal, 
In  these  observations  ever.,  thin^  is  set  as  acove,  except  that  the 
system  as  a  vmole  is  inclined  at  an  angle  of  44.7  with  the  horizontal, 
still  keepin^i'  the  hot  plate  above  the  cold  plate.   The  distribution 
in  temperature  throughout  the  space  is  shown  in  Figures  9  to  11,  in- 
clusive.  These  lines  are  constructed  in  the  sane  maimer  as  ti.osein 
Figures  2  to  5,  inclusive.   In  Figures  9  and  10  the  zero  of  the  orfli- 
nates  are  siiifted  vertically,  while  in  Figure  11  the  zero  of  the 
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ordinates  are  s/ifted  vertically,  while  in  figure  11  the  zeros 
of  the  abscissae  are  shifted  horizontally.  The  lines  in  ^'igure  10 
all  belong  to  one  set,  the  lines  to  the  left  referring  to  columns  1, 
2,5  and  4,  and  the  lines  to  the  right  to  columns  5,6  and  7. 

It  is  interesting  to  note  the  change  in  shape  of  these  lines 
compared  to  those  talcen  v/ith  the  plates  horizontal.  The  temperature- 
gradients  near  the  s^irfaces  become  greater,  v/hile  within  the  interior 
region  they  decrease  consideraoly.  This  is  what  would  be  ej:rected 
physically,  for  close  to  the  surface  there  is  a  layer  of  stagnant  air 
throug'h.  -.vhich  hf^at  is  transmitted  by  conduction  only.  As  the  veloci- 
ties increase,  this  layer  becomes  thinner,  producing  a  steeper  terwgBra.- 
ttire -gradient.  '.Vithin  the  interior,  currents  are  well  established  and 
are  transmitting  the  energy  by  convection,  and  butjvery  little  by 
conduction. 

By  means  of  Figures  9,10  and  11,  isothermal  lines  are  con- 
structed as  shovm  in  Figures  12  to  15,  inclusive.   In  Figures  12,15  and 
14  the  isothermal  lines  are  drawn  every  tv/o  de;,rees.   In  Figure  15  they 
are  drawn  every  5  degrees.  The  atscissae  are  the  distances  in  a  di- 
rection parallel  to  the  cold  plate,  v/hile  the  ordinates  are  the  ^leights 
above  the  cold  plate.   The  origin  corresponds  to  point  d  in  Figure  1. 
The  ordinates  have  been  magnified  in  comparison  with  the  abscissae  so 
as  to  make  the  effects  more  visible.  The  various  irregularities  may 
not  have  existed  in  the  actual  case,  but  are  merely  a  result  of  mag- 
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23 
nifying  errors  that  v/ere  introduced  into  the  previous  curves. 
However,  there  is  nothing  to  guide  one  in  drawing  im   these  lines, 
so  it  v/as  thought  advisable  simply  to  follow  the  various  i  oints 
laid  out  in  tJie  space.   In  exatiining  these  curves  one  is  to  hear 
in  Tiind  that  the  plates  are  inclined,  and  that  the  point  40  cms. 
:.long  the  cold  plate,  and  zero  cms.  ahove  the  cold  plate  is  the 
lowest  point  in  the  system. 

The  curves  show  tho  gejieral  nature  of  the  heat  transfer. 
Conduction  is  greatest  in  the  upper  right-hand  region  snd  in  the 
lov/er  left-hand  region.   The  same  t;  pe  of  conduction  is  obtained  ft  r 
the  different  te :rperature-drops  A  G  across  the  plates.   In  construct- 
ing these  isothernial  lines,  the  criteria  of  section  6  of  ti^e   funaaneiital 
theory  v/as  followed. 

V/ith  the  aid  of  th^se  isothernal  charts  the  en -rgy  trans- 
ferred by  conduction  per  unit  area  per  second  across  various  points 
along  a  line  parallel  to  the  cold  plate  and  lying  in  the  plane  of 
symmetry  of  the  air  space  is  determined.   The  results  are  shovm  in 
Figures  16  to  21, inclusive.   They  are  obtained  by  computing  the  tem- 
perature-gradients at  the  various  points  in  a  direction  nor:aal  to  the 
cold  plate,  and  multiplying  these  by  the  corresponding  value  for  the 
conductivity.   The  abscissae  are  distances  parallel  to  the  cold  plate, 
and  the  ordinates  the  energy,  transferred  by  conduction  in  calories 
per  unit  area  per  second.  Each  set  of  curves  is  for  a  river  height 
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24 
above  the  cold  ylate,  showing  hov/  the  conduction  varies  v/ith 
teiperature.   The  area  under  each  curve  is  the  toJtal  energy  con-.  • 
ducted  normally  across  t:  e  given  line.   These  areas  are  measured 
v/ith  a  planiraeter,  and  they  are  plotted  in  Figure  22  as  percentage 
of  total  energ^'  transferred  "both  hy  conduction  and  convection. 
In  the  lov.er  half  of  Figure  22  is  the  percentai-e  transferred  by 
conduction,  and  in  the  upper  half  the  percentage  transferred  hy 
convection. 

The  results  are  rather  surprising,  for  tlie  aiiount  trans- 
ferred by  conduction  is  less  than  one  p  rcent  of  the  total  transfer. 
Of  coui'se,  this  is  for  only  one  direction.   In  the  actual  case  .the 
phenomenon  is  verj^  complicated.   Conduction  takes  place  normal  to. 
the  isothermal  lines,  v/ldch  are  almost  vertical  v/ith  respect  to  t'^e 
plates  in  the  interior  region.  At  the  surfaces  of  the  hot  and  cold 
plates  the  entire  energy  transfer  is  by  conduction. 

In  Tabic  II  are  given  the  data  obtained  for  the  series  of  ob- 
servations v;ith  plates  inclined  at  44.7   from  v/hich  i-s  computed  the 

total  heat  transmitted. 

Table  II. 


-?        (hohj,)xlo"'  FjcIO^  F 

1.12          0.2:4  1.795 

2.22            ..^lo  3.565 

4.r.2             .424  5.9?2 

7.05             .499  11.284 


Series 

^ 

ZiB 

hpx  10^ 

V  1' 

1 

35.6 

21. 6 

1.21 

0.088 

2 

45.5 

49.9 

2.ZB 

0.156 

3 

55.6 

72.3 

4.58 

0.256 

4 

69.5 

99.8 

7.46 

0.410 
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The  notation  is  e:  aotlj  the  same  as  that  used  in  Table  I. 
K  has  no  real  significance  in  f  is  case,  but  it  was  coraijuted 
merely  to  compare  its  values  v/ith  those  for  the  horizontal  jlates. 
In  Figure  6  is  plotted  H  a{:ainst  ^0   for  this  case,  and  in  figure  7 

is  plotted  K  af'.ainst  G  •   The  curves  show  a  marlced  increase  in 

m 

transmission  diie  to  increased  convection. 
4.  An  "Estimate  of  the  Velocities;- 

Equation  (16)  would  yield  a  value  for  the  absolute  velocity 
of  the  stream  at  each  point,  providei.  its  direction  v;ere  Irnown. 
In  order  to  determine  the  m§gnitude  of  the  velocities,  four  points 
were  chosen  for  the  case  where  the  plates  are  inclined  at  44.7  and 
withii  6  =  99.8°c;.   If  X   is  the  distance  along  the  cold  plate  (  see 
I'^igure  15)  and  y  the  height  above  the  cold  plate,  the  points  at  which 
the  calculation  is  made  are 

y 

0.5  cms. 

6.5 

3.5 

5.5 

Points  (1)  and  (2)  are  opposite  the  center,  and  approximately  o.5  cm. 
away  from  the  cold  and  hot  plates,  respectively.  Points  (?)  and  (4) 
are  near  the  reenter  and  2  cms.  awa;,  from  the  side  walls.  The  direction 
of  the  velocity  at  each  point  is  assujned  piirallel  to  the  respective 
surface  and  with  its  f:ense  so  as  to  produce  a  cloclcvise  circulation 
v.-ithin  the  snace. 


X 

'1) 

20   cms. 

'-] 

20 

(3) 

2 

(4) 

58 
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If  K,  is  assumed     onstaiit,    equation   (IC]   can  be  v.ritten   foi'  the  two- 
dimensional  case      in  the  form 


Kdu L^! ^-y (25) 


K     (    Gp  -  R    )   I  76|     cos    (  -.    ^7  ^) 


where  K  =  p  .  ;.^or  the  c;  se  under  consideration  the  presr.uTe  p  is 

i" 

1  atmosphere.     Reducing  all  factors  to  c.g.s.   -onits,    the  values  taken 

from  Kaye  and  Laby's  tables  are  as  follov/s: 

6 
p  =  1.015  X  10     d^TieS  per   sq.    era. 

7 
G     =  1.002  x  10     ergs 

E  =  2.89  X  1C°  erffs  for  1  gn.  of  air 

K   =  2510  erf;s  ver  sq.  cm.  :  er  sec.  per  °  0. 

Therefore 

K =   K =  0.00100 

!■-  {    O-n    ]  p  {  C-p 


^p-  "  ;  i^  V  o^ 


COS  (  Y,  V' o  ;  is  determined  graphically,  as  well  as  the  first  and 
second  derivatives  of  6,  andpG.  The  results  §{   the  computation  ere 
as  sho\7n  below: 

Velocity  in  cjns.  jer  sec. 


1.01 
3.81 
0.01 
0.10 


Position 

X 

y 

(1) 

20 

cms. 

0.5   cnv. 

(2) 

20 

6.5 

(3) 

2 

3.5 

(4) 

36 

5.5 
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It  is  seen  that  the  velocities  near  the  plates  are  greater  than 
near  the  sides.   Since  tiie.  stream  lines  would  oe   expected  to  lie  closer 
tOi;ether  near  the  center  of  the  plates  as  they  would  near  the  ciues, 
this  difference  is  qi;ite  reasonahle.   It  is  to  be  remembered  that 
the  stream  lines,  if  drawn  v/ithin  the  space  would  not  "be  symmetrical 
with  respect  to  the  geometry  of  the  s]iace.  For,  the  rlates  are  in 
the  acti-.al  experiment  incliiied  at  44.7°  with  the  horizontal,  and 
therefore  the  mean  density  of  the  air  would  corresrond  to  a  point 
below  the  geometric  center.   This  has  the  effect  of  crowding-  the 
stream  lines  below  this  oenter  and  spreading  them  out  atove  the  center. 
The  above  values  should  only  be  considered  as  an  approximation,  giv- 
ing the  order  of  inagnitude  of  the  velocities. 

5.  'She   Experimental  Results  considereo.  as  a  T^.vo-Dimensional  "Ifise;- 

2he  question  may  -.rise  vaiet'.er  tj^e  alove  resi-lts  v/ould  actually 
apply  to  a  two-dimensional  system,  and  if  sufficient  data  were  obtained 
would  lead  to  a  solution  of  equations  (20)  and  (23).  Parallel  to  the 
plane  of  sym;netry,  v/ithin  which  all  measurements  are  made,  there  are 
two  rigid  surfaces,  one  on  eacli  side  and  at  20  cms.  from  this  sym- 
metrical plane.   If  (x,y)  are  the  coordinates  within  the  plane  of 
sjjrnimetrj;,  and  z  the  coordin.'.tes  noiinal  to  this  plane,  there  will  be 
viscosits'  forces  within  the  plane  equal  to 

2  n  Vu    and   2  r^  dv. 
^  5z  az 

l^er  \mit  area,  where  (  u,vj  are  the  velocities  in  the  i,laiie.  If  these 

forces  are  negligible,  the  above  results  can  be  considere  i  as  applying 

to  a  system  of  tv;o  dimensions. 
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That  this  is  the  case,    can  be   sliov/n   from  experiments  per- 
forrtied  by  Griffiths  ana  "lavis,*  on  natural  correction  produced  along 


Report  ITo.   9  of  the  iilngineering  Committee  of  the   food  Investi- 
gation Board,   Dept.    of  Scientific  and  Industrial  Research. 

England,    IS 22. 


a  vertical  hot  plate.  They  measure  the  velocities  at  different 

points  along  and  away  from  the  hot  plate  by  means  of  a  hot  v/ire 

anemometer,  and  find  that  for  distances  of  about  2  ens.  and  more 

from  the  hot  plate  the  velocities  are  no  lonrer  affected  by  the 

surface.   In  the  above  case  the  plane  of  symmetr;,'  is  20  Cms.  from 

each  end.  Therefore  3u  and  av,  can  safely  be  placed  equal  to  zero, 
a  z    5  z 
Further  evidence  on  this  point  is  shovm  b^.  the  v.orlc  of  Ptanton, 

::arsliall  and  Bryant*  .   In  studying  the  velocities  of  fluid  passing 


*  ?roc.  :ioy.  :;oc.  A,  97,  pp.  413-4^4,  1920 


throiigh  circular  pipes,  v/iiere  the  velocities  are  nuch  larper  than  any 
experienced  in  the  V/Titer's  work,  they  find  tlte  velocity  close  to  the 
siirface  to  be  practically  zero,  and  the  velocity  increases  very  rapidly 
as  they  pass  a'.vay  from  the  wall.   The  velocity-gradient  becomes  quite 
small  at  the  center  of  the  pipe,  i^or  the  v.-riter's  case  the  velocity- 
gradients  9^x   and  ^  v  would  surely  be  negligible. 
^  z     c>  z 

6.  Conclusions ;- 

The  problem  treated  above  is  of  intrinsic  value,  and  the 
results  can  have  numerous  ajyplications.  At  the  presert  time  ^^-'eat 
strides  have  been  made  in  improving  the  heat  insulating  properties 
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of  buildins-  v/alls.   It  is  a  well  reco:  iiized  fact  that  air  sjiaces 
within  the  walls  irajirove  the  insulating;  jjroperties,  but  the  liiov/leclge 
on  which  one  can  determine  the  most  efficient  t^rpe   of  conEtmct ion  is 
very  meagre.   It  v/as  v/ith  the  view  of  comxileting  this  gap  in  oxir  l-cnowl- 
edge  of  insulation,  that  this  work  was  primarily  undertaken.  Eut 
the  j-'rohlem  is  quite  fundamental,  and  should  l>e   treated  as  one  of 
pure  Physics. 

For  building/  material  the  emissivity  is  quite  larji-e, 
possibly  of  tiie  order  of  0.60,  so  that  one  might  expect  consideraVle 
radiation.  But  of  the  other  two  factors,  conduction  and  convection, 
the  latter  plays  a  surprisingly  important  role,  as  las  "been  shown  in 
this  paper.   In  continuing  this  work  it  will  be  necessary  to  study 
the  effect  of  the  dimensions  of  the  air  space  on  each  factor.  This 
information  should  lead  one  to  construct  an  air  space  which  shall 
satisfy  certain  requirements,  and  shall  have  the  maximum  insulating 
properties.  Of  course,  such  information  can  determine  a  construction 
for  transmitting  heat  most  efficiently,  a  problem  v/hich  may  occizr 
in  practice  very  often. 

There  is  a  great  advantage  ultimately  to  obtain  a  solution,  even 
if  it  be  a  rovigh  appro:; Imat ion,  of  the  fundamental  equations  which 
have  been  considered  in  this  pajoer.   This  v/ill  place  a  mass  of  detailed 
inforiuation  into  a  single  formula,  and  will  lend  itself  readily  to 
direct  computation.  For  practical  applications  this  would  be  ideal. 
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In  concluding,  the  writer  wishes  to  express  his  £,Tati- 

tude  to  ])r.  J.S.i^Jii'S  and  Dr.  .',!.  '6.   Van  Dusen  for  their  valuable 
criticisms  and  suggestions. 
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